During the last two decades there has been a great deal of research on renewable energy technologies. It is commonly thought that very little has come out of this research in terms of commercially interesting technologies. The first objective of this paper is to demonstrate that this perception is no longer entirely correct; in the 1990s there has been a double digit growth rate in the market for some renewable energy technologies. The consequent alteration in the energy system, is, however, a slow, painful and highly uncertain process. This process, we argue, needs to be studied using an innovation system perspective where the focus is on networks, institutions and firms' perceptions, competencies and strategies. The second objective of the paper is therefore to present the bare bones of such an analytical framework. A third objective is to identify a set of key issues related to the speed and direction of that transformation process which needs to be studied further.
Introduction
The energy sector is subject to a set of parallel and interacting forces of change. The most fundamental is awareness of the environmental consequences of the existing energy system. Fossil fuels and their role in acidification and global climate change figure prominently in the contemporary environmental and energy debates. The threat of nuclear disasters and problems with radioactive waste disposal are other issues that have received much attention. As a response to this, a demand for 'green' energy, is emerging.
Ever since the first oil crisis in 1973, there has been a great deal of experimentation with renewable energy sources. A considerable amount of government money has been spent on renewable energy R&D, although just a fraction of the amount allocated to nuclear R&D (OECD/IEA, 1997). A common reaction is, however, that very little has come out of that research in terms of commercially interesting energy technologies.
1 This perception was entirely correct in the 1970s, 2 it remained broadly true in the 1980s but is now becoming increasingly incorrect.
The purpose of this paper is threefold: a) to demonstrate that a process of diffusion of a set of renewable energy technologies is now beginning to take place, which may indicate that we are entering into an early stage of transformation of the energy sector, b) to identify the bare bones of an analytical framework for studying this 1 See for instance the work of the latest Swedish Parliamentary Committee on energy, which almost ignored technical change in renewable energy technologies in spite of working with a time horizon of about 25 years. 2 Indeed, the 1980 Swedish referendum on nuclear power took place in a context where the renewable technologies, apart from hydro power and bio energy, simply did not constitute an alternative.
transformation process and c) to derive a set of questions which need to be answered regarding the speed and direction of the process.
The paper is structured as follows. In the next section, we will briefly describe a set of renewable energy technologies and give evidence of sustained double-digit growth rates in the market for the new technologies. Section three provides elements of an analytical framework for studying how these new technologies may transform the energy sector. We emphasize that we need to apply an innovation system perspective when we analyse the processes of innovation and diffusion and that the emergence of a new, or transformed energy system, is a slow, painful and highly uncertain process.
The analytical framework clearly departs from the conceptualisation of the process of technical change which is found in some of the literature on the timing of policy intervention for the purpose of reducing the emission of greenhouse gases. The final section outlines a set of issues which need to be researched if we are better to understand the transformation of the energy system into one which incorporates a larger share of renewable energy technology. These issues are the creation of variety, the process of institutional change and the emergence of 'prime movers.'
The diffusion of renewable energy technologies
In spite of a small decrease in the early 1980s, the OECD total primary energy supply (TPES) increased by 20 percent between 1980 and 1996, from approximately 45,000
TWh to 58,000 TWh (OECD, 1997 and OECD, 1998) 3 . The relative contributions of different energy sources to the TPES did not vary much during the period studied; in 3 All data on the OECD level in this section comes from these sources; the 1980 data comes from OECD (1997) and the 1996 data from OECD (1998).
1996 as well as in 1980, fossil fuels 4 dominated the OECD energy market, representing 91 percent of the total supply in 1980 and 83 percent in 1996. The proportion of nuclear power increased from approximately 4 percent of the TPES in 1980 to 11 percent in 1996, 5 and the contribution of renewable energy sources 6 increased slightly from 5 to 6 percent during the same time period.
In absolute numbers, the contributions of fossil fuel (especially fossil gas) as well as nuclear power increased sharply from 1980 to 1996. The changes in the supply of renewable energy sources were much smaller. Moreover, it is primarily the renewable energy sources that were already established at the beginning of the period (hydro power, geothermal power, and combustible renewables and waste) that have contributed to this increase. This seems to confirm the belief that the 'new' renewables (wind and solar power etc. ) have not yet reached a widespread market.
The total market is, however, much too large for even radical changes in the rate of diffusion of new, and still marginal energy solutions, to be noticed. In order to demonstrate that the picture painted above is unnecessarily dismal, we will give evidence of the rate of diffusion of some of the renewables, namely bioenergy, 7 wind power, solar thermal energy and solar photovoltaic energy. With the exception of bioenergy, these renewables belong to the 'new' renewables. Bioenergy is, in 4 Here defined as OECD classes "crude oil+NGL+feedstocks", "coal", "petroleum products" and "gas" due to the presentation of data in the OECD statistics. For detailed definitions see OECD (1998) . 5 In the OECD statistics, the primary energy supply from nuclear power is defined as "the primary heat equivalent of the electricity produced by a nuclear power plant with an average thermal efficiency of 33 percent" (OECD, 1998) . 6 Here defined as OECD energy classes "geothermal, solar, etc", "combustible fuels and waste" and "hydro", due to the presentation of data in the OECD statistics. For detailed definitions see OECD, 1998. 7 We have chosen not to divide bioenergy into 'biomass for electricity' and 'biomass for heat' primarily because the use of biomass for electricity production is quite a recent phenomenon.
contrast, a traditional energy source which has a widespread use, but the field is still interesting to study since it is now being enriched by new technical solutions and applications and, thus, is in a state of quite significant change.
In the case of bioenergy, we will examine the case of Sweden. 8 The contribution of bioenergy to the total energy supply was approximately 91 TWh in 1997 (see figure   2 .1), which amounts to 19 percent of the supply of energy (STEM, 1998 1970 1972 1974 1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 TWh Figure 2 .1: Total energy supply from biofuels, peat etc. in Sweden. (Source: STEM, 1998) Since the oil crisis of 1978, the supply of energy from biomass has had an average annual growth of 3.8 percent. Even though the growth rate is rather low, the large base makes the growth in absolute numbers impressive as compared with other energy sources, especially other renewable ones. For instance, in 1995, the energy supply from biomass and peat in Sweden increased with roughly 6 TWh, which was 1.3 percent of the supply of energy (STEM, 1998) .
In a European perspective, this is a very high figure. In 1997 the total bioenergy capacity was approximately 520 TWh in the European Union (European Commission, 1997a ). This figure is, however, expected to have been tripled by the year 2010 (European Commission, 1997a) , implying an expected average cumulative growth rate of almost 9 percent. This does not appear to be unreasonable since there are some very interesting developments with respect both to technology and to how new applications are found for biomass. Biomass is increasingly being used in combined heat and power production and more advanced technical solutions based on gasification are being developed and tested for this purpose. For single households, pellet burners are increasingly available (at least in Sweden) and a whole new system based on a set of complementary technologies is currently evolving.
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Wind energy is probably the fastest growing renewable energy source in the world.
The average annual cumulative growth in power capacity was approximately 55 percent in the period 1980-1998 (see figure 3 .2). However, the total installed capacity in 1998 was only approximately 10 GW (BTM, 1999) . The situation for wind energy is, thus, the opposite to that of biomass; the relative growth is high, due to the small initial stock, while the growth in absolute numbers is low.
9 The evolution of a whole 'bioenergy chain' does not take place without considerable opposition from vested interest groups. 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 Today, wind power is often subsidised, but it is approaching a cost level that makes it economically attractive compared to established energy production methods, assuming good wind conditions. As the experience curve of electricity produced by windmill is not entirely flat (a proposed ratio of 0.91 according to Neij (1997) ), we can expect its price competitiveness to improve.
The further diffusion of wind energy will not only involve continued expansion on land and the replacement of old plants with new and more productive ones but will also mean exploiting of new location possibilities by building ocean based wind power plants. This new possibility may give wind power a much higher growth potential. There are already test installations in, for example, Sweden and Denmark, and there are plans for 500 commercial wind power plants producing 2 TWh to be built off the west coast of Sweden (Holm, 1997 and 5 million square meters respectively which suggests that the world production of energy by solar collectors is roughly 9 TWh/year.UPDATE 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1000 m 2 Figure 2 .3: The stock of solar collector area in Europe (Ekvall et.al, 1997 Andersson and Jacobsson (1997) and Curry (1999) ).
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Today, the diffusion of photovoltaic cells is mainly hindered by high cost, and the demand is primarily driven by government procurement projects (Andersson and Jacobsson, 1997) . As the experience curve is quite steep (Neij, 1997) , it is essential to increase the accumulated production volume so that costs can be lowered. Thus, some kind of intervention (e.g. subsidies or procurement projects) will continue to be needed for some time, and there are several programmes (e.g. the "70,000 roofs program" in Japan and the "Million Roofs Initiative" in the U.S.) aiming at sustaining the growth.
In conclusion, we have demonstrated that the 1990s have seen a very substantial diffusion of renewables. Yet, in most cases the growth is not self-sustained. There are still significant obstacles to be overcome in order to reach the stage where the diffusion of renewable energy technologies is not dependent on government interventions and where renewables have made a major inroad into the energy market.
In order to clarify these obstacles, it is necessary to develop an analytical framework for analysing the process of transformation. The bare bones of such a framework will be given in the next section.
3 Elements of an analytical framework for studying the transformation of an energy system
The process by which a new technology emerges, is improved and diffused in society can be studied from a number of perspectives. The neo-classical economic perspective focuses on how changes in relative prices influence technology choise. In contrast, seen from the perspective of the individual firm the entrepreneurial act is the central feature of innovation and diffusion. These perspectives are not irrelevant, but we will develop one which not only takes relative prices and entrepreneurial acts into account but also emphasises that:
 the innovation and diffusion process is both an individual and a collective act (Saxenian 1994) , and that  the determinants of technology choice are not only to be found within individual firms, but also reside in an 'innovation system' which both aids and constrains the individual actors making a choice of technology within it. This 'innovation system' includes a large number of variables apart from prices.
It is the character of this system that we need to comprehend if we are to understand how an energy system is transformed.
Since 1987, when Christopher Freeman published his book on the 'Japanese Innovation System', a set of system approaches has been put forward, primarily in the economics and management of innovation literature. Some take the country as the unit of analysis and imply that differences in their 'national innovation systems', i.e.
institutional set-up and structure of production, influence the technology choices made by individual firms (Porter, 1990; 12 Nelson, 1992; Lundvall, 1992; Edquist, 1997) . Others focus on regional innovation systems and elaborate more on cultural variables (Saxenian, 1994; Maskell, 1997 ). Yet others have for some time studied industrial networks, where firms are connected in long lasting relationships 12 Porter (1990) uses a different terminology than the National Innovation System school, but is very closely related to it. (Håkansson, 1987) . Finally, some authors focus on 'technological systems', systems built around specific technologies or products (Hughes, 1983; Granberg, 1997; Lundgren, 1991; 13 Carlsson, 1995 and Holmèn and Jacobsson, 1997) .
This latter system approach is, thus, technology specific. This means that there are many technological systems in a country or region, and that some actors are involved in several of them. Each of the technological systems is seen to be unique and they vary in their ability to develop and diffuse new technology. The technology-specific feature of the systems makes this approach attractive when the focus of the enquiry is competition between various technologies to perform a certain function, in this case the supply of energy. Thus, we would be able to study the characteristics of the specific system associated with an emerging technology, e.g. wind power, analyse its strengths and weaknesses as well as its dynamics and compare it with the system of an incumbent energy technology, e.g. electricity generation based on fossil fuels.
14 Let us develop the notion of a technological system further. A formal definition of a technological system is (Carlsson and Stankiewicz 1991, p. 111 ):
".... network(s) of agents interacting in a specific technology area under a particular institutional infrastructure to generate, diffuse, and utilize technology. Technological systems are defined in terms of knowledge or competence flows rather than flows of ordinary goods and services. They consist of dynamic knowledge and competence networks".
A technological system is thus made up of a number of elements: 13 Lundgren's work was undertaken within the framework of the Uppsala network school but focused on the evolution of a specific technology, image processing, in Sweden. 14 A local (national or regional) technological system in the energy sector may contribute to the solution of the global transformation problem by promoting local diffusion, thus solving a local problem and the nation's/region's part of the global problem. It can also promote global diffusion, for instance by exporting windmills or other technologies for exploiting renewable energy sources.
 The actors and their competence, technical as well as other types of competence.
Particularly important are the 'prime movers', i.e. actors that are technically, financially and/or politically so powerful that they can initiate or strongly contribute to the development and diffusion of a new technology. For instance, SAAB Aerospace was a prime mover in digital signal processing in Sweden and, later, Telia was a prime mover in the application of that technology to mobile phones.
 The networks, which constitute important modes for the transfer of tacit (Metcalfe, 1992 ) and explicit knowledge. These can be of various types. In particular, we may note networks that are conducive to the identification of new problems and the development of new technical solutions (often user-supplier networks), and more general information diffusion networks. Being strongly integrated in a network increases the resource base of the individual firm (in terms of information, knowledge, technology etc.) and, therefore, its degrees of freedom. The network also influences the perception of what is possible and desirable, i.e. images of the future, which guides specific investment decisions. At the same time, the network constrains the individual firm and sets limits to its technology choice (Lundgren and Nordenlöw, 1995) .
 The institutions, which can be both 'hard' ones, such as legislation, the capital market or the educational system, or softer ones such as culture. The roles of the different institutions vary, of course; some institutions enable a high connectivity in the system, whereas other institutions influence the incentive structure. As is strongly emphasised in institutional economics (e.g. Edquist and Johnson (1997) ), institutions greatly affect the specific path that a technology takes.
We will exemplify the application of this approach with the system for factory automation in Sweden (see Jacobsson, 1993 and . In the 1970s and 1980s, there was a very fast diffusion of numerically controlled machine tools, industrial robots, flexible manufacturing systems and computer aided design units in the engineering sector. Sweden was extremely successful not only in terms of the extent of diffusion but also in terms of the international competitiveness of the supplier industry. Swedish firms gained large market shares in robotics, automatic guided vehicles, measurement systems, etc. Whereas it is clear that relatively high and rapidly increasing wage costs were a cause of interest in the new technology and that we can identify key entrepreneurial acts, the technological system was extremely supportive of these acts. We will elaborate on its key features, see Figure. 3.1.
First, Sweden housed some very advanced users of flexible automation technology.
Volvo, SAAB and Asea (now ABB) were among those with a very high level of competence in the 1970s and they could well be argued to be the prime movers.
Second, there were strong user-supplier networks where the users' ability to specify problems, and sometimes provide solutions (and create new firms via spin-offs), helped to create a strong supplier industry. Third, the supplier industry was strategic for Sweden in that it induced a fast adoption of the new technology among the large number of not so advanced firms in the home market. Fourth, there were well functioning bridging institutions which acted as nodes in the system, for instance The This brief example deals with a system which already exists. The essence of the formation of a new system is a process of increasing diversity in a situation characterised by the path dependent development (David, 1988) of the actors and the associated supporting institutions and networks. In general, therefore, the emergence of a new technological system is a long, uncertain and painful process.
This would be expected to be particularly true for renewable energy technology since the market for energy is stagnating (at least in the OECD) and the new technologies substitute for rather than complement the existing technologies. Thus, renewables go against the perceived interest of the dominant actors in the electricity system (e.g.
Preussen Electra in Germany) and their powerful lobbying capacity.
Before elaborating on a set of specific factors which may hinder the formation of a new technological system, let us briefly relate our approach to some of the literature in the energy field.
We conceptualise the process of technical change in a fundamentally different way than, for instance, Wigley et. al. (1997) . First, the improvement in price/performance of a new technology is closely intertwined with the process of diffusion. A new technology often requires a long period of nurturing and diffusion before it achieves a price/performance ration that makes it attractive to larger segments in the market. In this process, there are feedback loops from an early diffusion of a new technology back to the development of its price/performance characteristics. Thus, the process of improving the availability of carbon substitutes, with an attractive cost level, 15 involves a diffusion of renewables which, indeed, needs to go beyond that of exploiting extreme niche markets.
Second, we see technical change as endogenous to an economic system in which there are both inducement mechanisms (Dosi et. al., 1990; Grubb, 1997) and blocking
mechanisms. An inducement mechanism is, for instance, changes in relative prices or feedback from early users.
Third, the blocking mechanisms go far beyond those which for instance Schneider and Goulder (1997) label market failures. Not only do they only identify two market failures (whereas there are many), but they also ignore other sources of inertia.
Clearly, the market constitutes but a limited part of the context for innovation and diffusion. Networks and institutions are also constituent parts of a technological system and influence, therefore, the processes of discovery and selection. Among the many sources of market failures, we will emphasise poorly articulated demand, economies of scale and experience and other sources of increasing returns, local search processes among the firms and market control by incumbents.
Markets are not necessarily formed in a spontaneous fashion (Galli and Teubal, 1997) . In the early phase of the diffusion of a new technology, potential customers may not be able to articulate their demand (in terms of price/performance) and meet the supplier in the market place. Markets may therefore need to be created in a process where fragmented potential customers can formulate and articulate their demand.
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A new technology may also suffer from facing incumbent substitutes that have been able to undergo a process of increasing returns (Arthur, 1991) . This tends to associate the new product with a high price (lack of scale and experience economies) or low utility (poor performance, lack of network externalities and/or infrastructure). If the gap is very large, and if there is a paucity of nursing (Ericsson and Maitland, 1989) or bridging segments (Andersson and Jacobsson, 1997 ) that allow for a gradual generation of increasing returns, a new technology may never have the chance to rectify these initial disadvantages.
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Local search processes simply imply that firms build upon their existing knowledge base and other assets when they search for new opportunities. As Dosi (1988a, p. 225) puts it:
"... the search process of industrial firms to improve their technology is not likely to be one technology where they survey the whole stock of knowledge before making their technical choices. Given its highly differentiated nature, firms will instead seek to improve and to diversify their by searching in zones that enable them to use and to build upon their existing technological base."
The slow changing nature of the technology base of a firm means that firms may not only search 'locally' and therefore restrict their technology choice to closely related areas, but they may be ignorant of opportunities which are at some distance; their vision may also be 'bounded' (Fransman, 1990) . It may also mean that firms, which are aware of a new technology, may pursue risk assessments that are biased in favour 17 This is probably the case in the Swedish market for solar collectors at the moment where there seems to be a need for bridges between the suppliers and potential customers forming 'mass market segments '. 18 Again, in the case of solar panels in Sweden, there is an absence of increasing returns in many fields. The firms are so small that there is little feedback from sales to R&D. Information is not diffused properly in the market. There is a lack of complementary industries, particularly in terms of knowledgeable plumbers who may inform customers, install the collectors and take responsibility for the installation (thus reducing uncertainty among potential customers).
of their prevailing technology. This may, for instance, be due to a lack of appropriate ways of analysing the costs and benefits of a new technology.
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Market control by dominant incumbents means that the selection process may not involve a 'free' choice by customers. Take, for instance, the case of the rise of nuclear power in Sweden. As Kaiser (1992) notes, in the mid-1960s, a major threat to the diffusion of nuclear power was co-generation plants based on district heating. As a dominant actor, Vattenfall (the Swedish State Power Board) solved this problem by influencing the operating economics of many co-generation plants.
20
Leaving market failures and turning to networks, these are important routes for the transfer of tacit (Metcalfe, 1992) and explicit knowledge. 21 Networks can partly compensate for limitations in the firm's search space on account of both bounded rationality and bounded vision (Fransman, 1990) . The network may also improve the resource base and the degrees of freedom of the individual firm (Håkansson, 1987 and 1989 ).
As noted above, networks do not necessarily grow spontaneously. As Saxenian (1994) argues, there may be institutional and organisational obstacles to the growth of 19 This has been argued to be the case of solar cells applied in a decentralised manner where there is not only a lack of knowledge of some of the benefits of such installations but also a problem of the investment routines in power utilities (UPGV, 1994) . 20 As Kaiser (1992, p.449) explains: "Municipal energy companies that built cogeneration plants were 'punished' with unfavourable terms. Their cost of standby power was high, while the price paid for power delivered to Vattenfall was low. In contrast, companies that did not undertake to build cogeneration plants were offered favourable (but secret) power contracts with very low prices. As a result, the number of towns that actually built cogeneration plants stagnated during the 1960s. Thereby the door was opened for nuclear power and the power hierarchy with the electricity system remained intact." a collective identity. To the extent this is the case, a 'weak' network failure would arise in the sense that firms are not well connected to other firms with an overlapping technology base. A different form of network failure -a 'strong ' failure -would be when individual firms are guided by others (i.e., by the network) in the wrong direction and/or fail to supply one another with the required knowledge. The source of a strong network failure lies in different assumptions concerning future (missing) markets among various networks. 22 Thus, the other side of the coin of tight networks is that these can be characterised by considerable inertia, suggesting that there may be slow adjustment to new technological opportunities .
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Coming to institutional failures, legislation may bias the choice of technology in favour of the 'incumbent' technology. Take for instance, the Swedish tax legislation which is biased against the production of electricity in combined heat and power generation plants, a feature of the legislation which is not surprising given the existence of large and powerful actors supplying nuclear and hydro-electric power.
The educational system may unduly support current firms and technologies as distinct from potential ones or it may simply fail to react quickly enough to the emergence of new generic technologies. The Swedish experience in electronics and computer 22 When new technologies become available, providing expanded and different technological opportunities, the bounded (and different) visions (Fransman, 1990) of managers imply that firms and their networks may differ greatly in their perception of and ability to seize these opportunities. Rationality, on these assumptions, could well be argued to be not only limited but quite different among both firms and networks (Eliasson, 1990) . 23 A case in point may well be the choice to go for very large windmills in Sweden in the 1980s. According to members of the windmill community in Sweden, the choice of Swedish capital goods producers to go for MW size windmills (in contrast to the choice of Danish suppliers who chose very small turbines) was due to the relations developed with the dominant utilities in Sweden who were used to thinking in terms of large scale solutions.
science is a case in point. As compared to the case of US, the Swedish educational system responded almost a decade later than the US which 'produced' more than three times the number of engineers in these fields per capita in the 1980s (Jacobsson, 1997 ).
The capital market may not respond 'spontaneously' in response to the need of a new technological system (Carlsson and Jacobsson, 1997b) . Legislative change may be required to scale up the supply of capital, and competent capital will need to be created through a process of experimentation and learning. Capital is often supplied by larger firms who act as customers or partners (or even acquirers) of the smaller firms. The functioning of the capital market is therefore influenced not only by the specialised institutions supplying capital but also by the perceptions of the existing larger firms with respect to the new technology.
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Finally, a new technology may suffer from a lack of highly organised actors.
Industrial associations may be lacking (which may lead to a weakness to articulate the need of legislative change), as may meeting places and fora for exchange of information and knowledge.
To conclude, the rate and direction of technical change -the process of technological choice -is decided in competition between various technological systems, both existing, fully developed and emerging ones. How the competence of actors changes and how institutions and networks are altered will shape the growth path of a new system and how well it can compete with other systems. The impact of general inducement forces, such as 'green customers', relative prices etc. is mediated through alterations in the elements of the emerging technological system and presumably need to be of considerable strength to overcome the obstacles outlined above. Obviously then, the transformation process is a very open-ended process which can take many directions, not only due to the inherent difficulties in assessing the future improvements in technology but also in the many ways in which competence, institutions and networks may evolve.
What do we need to know more about -key issues in the transformation process
It is plain that there are a large number of forces that may block formation of a new technological system. These forces may work independently but are likely to reinforce one another; 25 market, institutional and network failures may combine into systems failure. This suggests that there is a wide range of questions that needs to be answered if we are to be able not only to understand the formation process better but also to influence its outcome.
In this section, we will discuss some central issues for the emergence of a new technological system based on renewable energy technology. The objective is, thus, to identify and discuss issues that need further elaboration before we can say that we truly understand the process of change in the energy sector.
26 24 A manager of a Swedish wind turbine producer underlined the decisive influence of the negative and even pejorative attitude of the business community towards wind turbines technology in the failure of his firm to find partners to exploit the growing market for that technology. 25 For instance, legislative obstacles to the development of a venture capital market may hinder the development of competent capital, which would tend to lead to an under-exploitation of universities as a source of renewal through their spin-off of firms. 26 For reasons of space, we have had to limit ourselves to three issues.
First, transforming the energy system involves replacing, or supplementing, established technologies with new ones. A necessary condition for the development and diffusion of a new technology is that variety in the knowledge base is increased by means of experimentation. However, there is a considerable risk that that the existing configuration of competence, networks and institutions actually manages to hinder the process of creating variety (Carlsson and Jacobsson, 1997a) . 27 The existing systems may be 'locked in' to the established technologies due to the cumulativeness and path dependency of innovation, and actors may, therefore, not look for opportunities outside their traditional areas. If a search is undertaken within new areas it will probably be done in a highly 'localised' fashion. Thus, understanding how variety in the knowledge base is created and sustained is the first key issue for the transformation of the energy system.
Second, in the competition between an emerging new technological system and an incumbent one, the latter is supported by a whole set of institutions, for instance in the form of legislation favouring the incumbent technology. As underlined above, whereas institutions are malleable, they can not be expected to alter 'automatically' in favour of the new technology. Indeed, they can rather be expected to block it. The second key issue is, therefore, the process of institutional change and how that can be aligned to the needs of renewable energy technology.
Third, since the construction of a new system often involves the destruction of an alternative system (Hughes, 1983) , actors within the existing system can be expected to try to obstruct the development of the new one, for example in the political arena.
Hence, strong actors, or groups of actors, which can promote the new technology need to emerge. 28 In other words, 'prime movers' are key actors in the creation of new technological systems. The third key issue is, therefore, the issue of how such actors emerge.
In the following section, we will discuss these three issues. In each of them, we will also include some reflections on policy. Illustrative examples are given mainly from Sweden and Germany.
The creation of variety in the knowledge base
In the energy sector, government R&D programmes and R&D pursued by the utilities have been significant ways of generating new knowledge, in addition to the R&D financed and pursued by the capital goods industry. Government funded R&D has, however, declined greatly in the past decade and, moreover, this mechanism has been poorly used to foster variety, at least in the sense of fostering renewable energy technologies. As is shown in figure 4 .1, the OECD governments are strongly biased in 27 In other words, there may be feedback mechanisms whereby "...a selection process may consume variety" (Metcalfe, 1992, p.103) . 28 In the Swedish case, a constellation of actors shaped the process of exploiting hydropower. This consisted of Vattenfall, the electricity-intensive industry and the power equipment industry (Kaiser, 1992) . It also had an academic part with significant research and teaching in, for instance, power 
1970-1995. (Source: Elaboration on OECD/IEA (1997))
Additionally, utilities are presumably reducing their R&D in the light of the deregulation, and the suppliers of renewable energy technologies are not always large firms with enough skill and capital to break new ground. Policy, therefore, needs to be formed to make sure that there is funding for new knowledge creation and that there are actors willing to do the research.
In designing programmes for that purpose, it might be tempting for policy makers to try to make sure that the available resources are used "effectively" by guiding the search for new knowledge in very specific directions. However, in a situation characterised by technological uncertainty it is important to have initial variety even within technological fields (e.g. several different wind turbine or solar collector designs). Thus, policy should stimulate the development of different designs rather than trying to make ex ante identifications of the 'optimal' design.
Policy may also be concerned with improving the linkages in the system so that existing knowledge can be widely diffused, opening up for additional experiments by new actors. 29 The degree of connectivity in existing networks influences, of course, the amount of information and knowledge that is diffused in the system. A high connectivity is not, however, automatically created by market forces but is based on the development of trust and a collective identity. Creating bridging institutions and fostering a collective identity is, thus, an important task for policy as may be the formation of entirely new networks.
Indeed, the formation of new networks can be central to the process of fostering variety in that the diffusion of knowledge through such networks can have very dynamic effects. The case of wind power in Denmark is an interesting example of this phenomenon: Organised user groups demanded reliability and safety, thus influencing the manufacturers' designs of wind turbines; manufacturer competence was built in co-operation with users through learning-by-doing and learning-by-using; a competent supplier industry was also founded by interaction and knowledge-sharing between manufacturers and firms supplying specialised components (for example fibre-glass blades); and the government intervened to support the creation of this network.
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With reference to the formation of networks, a particularly vital element in policy is the shaping of new and strong user-supplier links. In connection with this, it is very interesting to note the experiments undertaken by the Swedish Board for Technical and Industrial Development in organising various collective procurements of energy efficient goods. A central idea in such efforts is to connect fragmented users and help them to formulate and articulate their latent demand, i.e. to create or improve the functioning of the market. A new energy system based on many technologies and involving many actors, some of which are small and poor in resources, would seem to be an excellent arena for applying such a policy more extensively. Indeed, there is currently a discussion in the International Energy Agency of joint procurement with respect to solar collectors (Westling, 1997) . In that process, new network links can be forged and the resulting links can have a long term beneficial effect which go way beyond that which accrues to the initial partners.
The process of institutional change
As mentioned above, existing institutions may very well block the development and diffusion of new technologies. Take, for example, the issue of building permits for wind turbines. This is one of the most serious obstacles to the diffusion of wind turbines both in Sweden and in the Netherlands. In Sweden, present legislation gives ample opportunities for anybody to file a complaint and take the issuing of a permit to court. 31 In the Netherlands, there are huge problems to find on-shore locations for wind turbines; although the provincial authorities have allocated areas for wind energy, the municipal authorities have other priorities and hesitate to issue permits (Johnson and Jacobsson, 1999b ).
This example shows how closely related institutional change is to policy. This is not only the case with legislation -many other institutions (e.g. the capital market and the educational system) are also strongly influenced by policy. A number of observations can be made as regards the relations between institutional change and policy in connection with renewable energy technology.
First, in the process of adjusting the institutional set-up in favour of the emerging technological system, policy makers need to be patient, as the time scale involved is probably very long. Even in the best of cases, the transformation process will take decades and require tenacity from policy makers to shape the institutional context.
Take, for example, the German experience in wind power. Germany has been the leading market in the world in the 1990s and is the only country that has generated a supplier industry which can challenge the Danish industry. The process has been led by policy measures which have altered the institutional set-up in a number of ways, of which we will mention three; i) the diffusion process was stimulated through subsidies from 1989; ii) from 1991, a law (the Electricity Feed Law) guaranteed wind turbine owners a fixed and high price for electricity supplied to the grid; iii) the government ensured that land was allocated for the use of wind turbines. Yet, even though these alterations induced a very fast rate of diffusion of wind turbines in Germany for about a decade, only a fraction of the electricity supplied comes from that technology and, moreover, the technology is still challenged by actors in the incumbent technological system. 31 In spite of this, the Swedish government has neither taken any initiative to change the legislation nor Second, this case also illustrates the need for variety and consistency in the applied policies. The three measures mentioned above were only a part of a larger policy 'portfolio' aiming at changing the institutional framework, e.g. the incentive structure, in order to support technology diffusion and industry development. Hence, there was a great variety of instruments used by the German government. When implementing such a portfolio it is crucial that the different instruments are consistent with one another. In this case, industry policy and market stimulation measures went hand in hand and created a positive feedback-loop, but policies may just as well turn out to counteract one another.
Third, a central aspect of the process of institutional change is the struggle in the political arena between proponents of the new and the incumbent technological systems. We will exemplify this with the story of the German Electricity Feed Law.
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When it was discussed and later passed by the Bundestag about 1990, no one (and in particular not the large utilities), could foresee the tremendous impact it would have on the rate of diffusion. Thus, the potential implications of the institutional change were not understood and there was little response from the actors in the incumbent technological system. 33 However, with the rapid diffusion of wind power in the early 1990s, the larger utilities began to realise that the new technology constituted a threat and a struggle began to change the Feed law.
made sure that land is allocated for wind turbines in another way.
In the meantime, however, the number of wind turbine owners had increased greatly in Germany and some local turbine manufacturers had emerged. These groups became well organised, and by teaming up with other associations in the renewable energy field they mobilised a large number of people to take part in the discussions over the future of the law. A very considerable effort was made by the German Wind Energy
Association to seek out selected members of parliament and lay out arguments in favour of the law. In this process they were very much helped by the fact that wind energy had become the source of livelihood of a large number of people, in particular in the north-west of the country. Economic arguments could therefore be used, in addition to environmental ones.
In 1997, after years of debate, the Bundestag voted in favour of keeping the Feed law, but it was a very close call. The key factors here were, thus, i) an initial lack of confrontation between actors in the emerging technological system and those in the incumbent systems (fossil fuel and nuclear) 34 and, ii) at the heart of the process, successful lobbying based in part on the growing economic importance of wind power. Of course, the economic importance of the new technology was due to earlier policies promoting wind turbines, which set in motion a process where the actors in the emerging technological system became strong enough to influence the institutional landscape on their own -policy contributed indirectly to the process of changing the institutional framework by fostering the development of strong actors or actor groups.
Fourth, looking ahead, two fundamental features of the institutional set-up in the energy sector are the current deregulation of the electricity supply industry within the European Union and the future emergence of a joint European electricity market.
In general, a deregulation can be expected to lead to an altered technology choice.
Opportunities for the development of a system based on renewable energy technologies may, therefore, very well increase. In the US, deregulation is expected to lead to the closure of a number of nuclear power plants, which are not pricecompetitive with gas (Finanstidningen, 1997) , and a similar trend has been seen in Britain (Stirling, 1997) . The deregulation has also opened up the possibility for energy suppliers to differentiate their products in terms of the energy source, and a demand for 'green' electricity is beginning to grow, not only from private customers but also from firms. 35 Hence, the introduction of competition may induce a segmentation of the market for electricity where an important dimension is how 'green' the energy is. 36 A deregulation also opens up for new entrants into the energy field, be they farmers, co-operatives or firms diversifying into the energy market.
However, another result of the deregulation might be lowered prices for electricity, at least initially. In addition, the creation of a European market will challenge any 34 This absence of an initial confrontation could be interpreted as being the result of a lack of foresight among the nuclear and coal lobby combined with a pro-renewable stance among the political parties after the Chernobyl accident. The timing of the policies were, thus, very appropriate. 35 For example, SJ (the Swedish state-owned railway company) demanded that the electricity supplier should set up a wind turbine to supply roughly the energy to operate the trains on a 70 kilometre long line in southern Sweden. Such customer demands would hardly have been met in a monopoly market. (Nilsson, 1998) . 36 Indeed, an association of energy suppliers in the US suggests that customers demanding 'green' energy constitute a potentially large 'bridging' market for solar cells in the US, and recommend the exploitation of that market segment prior to any other (UPGV, 1994) .
national scheme for fostering renewable energy technology. The key institutional issue today is therefore to develop a Pan-European scheme, which will ensure favourable conditions for renewable energy technology even in the context of sinking electricity prices. Such a scheme should, tentatively, contain at least three elements:
(1) ensured access to the grid for all producers of electricity, (2) a Pan-European certification procedure for renewable energy technology (to ensure a match between consumption and production of renewable energy) and (3) an attractive and predictable price for renewable energy. 37 The experience with the German Feed law has been very positive as a law, in contrast to a temporary policy of subsidies, is more greatly predictable and therefore can be expected to attract more private investors to renewable energy technology.
The formation of 'prime movers'
Prime movers perform four important tasks to promote the new technology: they raise awareness, undertake investments, provide legitimacy and diffuse the new technology. Often, prime movers are located within the capital goods industry. A strong local capital goods industry can have additional beneficial effects on the local rate of diffusion in at least three ways. First, the capital goods industry often acts as an educator of users (Carlsson and Jacobsson, 1991) . Second, a strong local supplier industry is in a favourable position to satisfy the, sometimes specific, demand from the local market. A case in point is the very powerful drive of the German wind turbine producers to produce very large windmills, which can be explained by the character of the local market. 38 Third, a developed supplier industry can by force of its economic importance more easily influence the institutional set-up, as in the German wind turbine case (see section 4.2).
Turning to the case of Sweden, it is however not self-evident which actors may become prime movers within the field of renewable energy technologies. The suppliers are small, badly organised (unlike the German Industry Associations) and far from being able to influence the political process (Johnson and Jacobsson, 1999a) .
Moreover, they are technologically and financially weak as well as strategically nonaggressive. Thus, the individual firms cannot be expected to be able to take on the role of 'prime movers'.
As for the established actors within the energy field (both equipment suppliers and energy companies), they clearly have the competence, resources and influence to push the development of the new technological system. Sweden certainly has strong actors such as ABB and Vattenfall. 39 ABB (then Asea) earlier acted as a prime mover within the energy field, when it made a strategic commitment to nuclear power in the 1960s and, against all odds, came out as a major international supplier (Kaiser, 1992) . So far, these actors have, however, more acted as obstacles to than proponents of renewable energy technology. The same is the case for major actors in some other countries, e.g. Preussen Elektra (energy company) in Germany (Ahmels, 1999) . 38 As the German market expanded, the available on-shore sites became scarce, which meant that the Germans had to economise the use of land and exploit sites with poorer wind conditions. Thus, it became necessary to build very large turbines. 39 ABB is a leading supplier of energy equipment and Vattenfall is the leading energy supplier in Sweden with a market share of approximately 50 percent.
There are, however, some larger firms involved in renewable energy technology elsewhere. In the field of solar cells, Canon is the leading patentee in amorphous silicon cells (Andersson and Jacobsson, 1997) , which may indicate that they will become a prime mover in solar cell technology. In Germany, two of the leading wind turbine producers were recently acquired by large firms (Enron and Balcke-Dürr of the Deutsche Babcock Group), which has allowed the wind turbine manufacturers to pursue a more aggressive strategy in terms of technology development and growth (Hansen, 1999; Müller, 1999) . In the same field, some large firms (e.g. Thyssen) are now making investments in wind farms. 40 Thus, there is some evidence of larger firms entering the industry, and these may have the ability and interest to become 'prime movers'.
Policy agents need, of course, to be concerned with the role that 'prime movers' can play with respect to the new technology. They need to assess whether or not 'prime movers' exist and encourage the establishment of local 'prime movers' that can act early. Policy agents also need to be concerned with the conditions under which a local supplier industry can prosper. The successful lobbying by the German wind turbine industry and owners (as related above), could not have taken place without a deliberate, and successful, policy of fostering the local capital goods industry (Johnson and Jacobsson, 1999b) .
The role of 'prime mover' may not only be played by individual actors; constellations of actors is another possibility if a number of actors share an interest in promoting a 40 These firms entered about a decade after wind turbines began to be diffused in Germany so they can not be argued to be prime movers from the start. However, their entry will give wind turbines more legitimacy and make it easier to mould the institutional framework to the needs of wind power.
new technology. For example, when hydro power and, later, nuclear power were developed and diffused in Sweden there was a shared interest by many actors: the state, the electricity intensive industry, the suppliers of electricity and the environmental movement. 41 Thus, as was mentioned above in the case of the Danish wind turbine industry, the role of networks in a transformation process might involve more than the transfer of knowledge; networks might also drive the process more actively, for example by influencing the nature of institutions.
If a future energy system is to be built on renewable energy sources, it will probably contain a varied set of technologies, presumably including various types of applications of bio energy, solar collectors, solar photovoltaic cells and wind power.
It is also probable that these smaller-scale, more decentralised technologies will be exploited by a larger number of actors than in the case of nuclear power, coal and 
Conclusions
In spite of the oil crises and the long standing awareness of the environmental consequences of the use of fossil fuels, they still account for over 80 per cent of the total primary energy supply in the OECD countries and their use increased in absolute terms in the period 1980-1996. The share of renewable energy in the total primary energy supply is small in the OECD countries (six percent) and it rose only marginally in this period. Moreover, it is still the well established renewables (hydro and biomass) that account for most of the supply.
It is commonly thought that very few alternatives exist to fossil fuels, apart from nuclear power. The first objective of this paper was to demonstrate that that this perception is now not entirely correct, the diffusion of 'newer' renewable energy technologies is beginning to take place on a scale which is promising. This diffusion has so far essentially been driven by environmental factors and policy interventions drawbacks of hydropower (Kaiser, 1992) .
and takes place in a context of general deregulation and internationalisation of the sector.
Wind power, solar cells, solar panels and new ways of using biomass are, thus, now beginning to make inroads on the energy market, as demonstrated by double digit growth rates in the 1990s. Indeed, wind power shows an explosive growth similar to that of mobile phones. Whereas much of the demand for these 'newer' renewables is linked to public procurement policies or subsidies, they are clearly improving their price/performance and their competitiveness with respect to fossil fuel and nuclear power. However, we are still at a very early stage of diffusion. The accumulated stock of windmills, solar panels and solar cells supplied about 20 TWh in 1996, or 0.04 percent of total primary energy supply in the OECD. A significant alteration of the vast energy system in the direction of using more renewable energy technologies is going to be a slow, painful and highly uncertain process.
The second objective of the paper was to present the bare bones of an analytical framework for studying this transformation process and to derive a set of questions for research as regards the speed and direction of that process.
We suggested that an analytical framework built around the concept of technological systems may be suitable. A technological system is a technology specific innovation system which is useful when the focus of the enquiry is to study the competition between various ways of supplying energy. The constituent parts of a technological system are actors and their competence, networks and institutions. The issue at stake is how a new system is formed, based on competence in a new technological field, involving reformed or new networks and institutions which support the new technology.
Not only market failures, but also network and institutional failures abound in the transformation process, blocking the evolution of a new technological system.
Competence may not be developed due to local search processes, a poorly articulated demand may mean that markets are underdeveloped, the process of increasing returns may not be strong enough to bridge the price/performance gap to the incumbent technology, there may be weak connectivity between actors favouring the new technology or a potentially important actor is given the wrong guidance from his network as regards the new technology, legislation may favour the incumbent technology (and actors), the educational system and the capital market may do the same, etc. There are, thus a multitude of forces which favour an 'incumbent' energy system, forces which are likely to reinforce one another in a process of cumulative causation. The inducement mechanisms need to be strong enough to overcome these failures and set in motion a process of cumulative causation which works in favour of the new technology, as has happened in the Danish case of wind turbines.
Clearly, the transformation of an energy system towards one based on a substantial share of renewable energy technologies is highly uncertain and a whole set of questions needs to be raised, and answered, if we are not only to understand it better but also influence the outcome.
The third objective was to identify a set of issues which need to be researched. The first was the conditions under which variety in knowledge is generated and how that knowledge is diffused. We emphasise the risks of 'lock-in' effects and the role of networks in generating and diffusing new knowledge. The second issue is the process of institutional change. We underline its importance, the tenacity and ingenuity required by policy makers and the essentially political character of institutional change. The third issue is the emergence of 'prime movers' which can lead the transformation process. In particular, we emphasise the role that a local capital goods industry can play. The 'prime movers' can be both larger firms and networks of smaller firms. In scenario with a distributed energy system made up of a whole set of different technologies it may well be that networks take on the role of 'prime movers'.
